Introduction
Since the sequence of the human genome was deciphered, the elucidation of genomic dissimilarities like single nucleotide polymorph isms (SNPs) between different individuals has been the main focus of many research efforts. ll -31 These nucleotide variations within the genome are often linked to variable effects of drugs on different patients or predisposition for va rious diseasesY- 4 1 Endeavors in this direction led to the advent of pharmacogenetics and pharmacogenomics. I1 - 61 In the future, the exact knowledge of medicinally relevant nucleotide variations might enable the adaptation of any therapy to the respective genetic make-up of the individual and should allow the prediction of interindividual drug efficacy and/or toxicity. Thus, treatment with drugs that are ineffective or cause severe side effects could be abolished . ll -61 Obviously, methods that allow time-and cost-efficient verification of nucleotide variations will lead to further advances along these lines.
To date many methods for the detection of nucleotide variations in genes have been described. All methods have advantages and disadvantages, and thus no methodology has prevailed so farP-1Sl Most known methods share the common feature that they are applied after amplification of the target genome sequence by the polymerase chain reaction (PCR).17-1S1 Thus, after isolation of the genetic material from an individual, the sequence of interest has to be amplified by PCR prior to the analytical step determining the nucleotide variation. Obviously, analysis of the absence or presence of a nucleotide variation in a specific single position within the entire genome directly by PCR would be superior to any post-PCR nucleotide detection method. Nevertheless, methods for the direct detection of nucleotide variations by PCR are rare.I13-1S1 Allele-specific amplification has been described to report nucleotide variations through either the presence or absence of a DNA product obtained through PCR amplification.ll6-191 The principle of this approach is based on the formation of matched or mismatched primer-template complexes through allele-specific primer probes. PCR amplification by a DNA polymerase from matched 3'-primer termini proceeds, while a mismatch should obviate amplification . Nevertheless, there have been numerous reports indicating low selectivity with this approach that necessitates further tedious time-and cost-intensive sequence and assay designs and buffer optimizations.120-231 Any means to increase the selectivity and robustness of allele-specific PCR amplification should have a significant impact on the reliability and robustness of direct nucleotide variation analysis by PCR.
Recently, we have found that the selectivity of nucleotide insertion by a DNA polymerase can be increased through the employment of 4'C-alkylated nucleotides.124-28] Furthermore, first preliminary model studies indicate that primer probes bearing non polar 4'C modification have significant effects on single mismatch discrimination in allele-specific peR amplificationP9. 3D] In comparison to unmodified primer probes, we found that significantly higher amplification selectivity is observed with employment of 4'C-modified primer probes and a commercially available 3' -5'-exonuclease-deficient variant of Vent DNA polymerase (Vent(exo -)).
Here we present an in-depth study of various new primer probes bearing non polar 4'C modifications that have not been investigated in allele-specific peR before. Additionally, the effects of the modifications on several thermostable DNA polymerases were compared. Here we employed real-time peR by using fluorescent SybrGreen I detection as a rapid and convenient tool to follow and analyze the degree of allele discrimination. 131 . 32] We found that some 4'C modifications are able to significantly increase amplification selectivity. Interestingly, the observed effects depend on the nature of the modification and the employed DNA polymerase. Most remarkably, single nucleotide discrimination selectivity was robust under various buffer conditions and within several medicinally relevant sequence contexts that were examined.
Results
In order to investigate the impact of 4'C modifications on the selectivity of peR amplification promoted by several DNA polymerases, we synthesized primer probes bearing various 4'C-modified thymidines at the 3' terminus (Scheme 1 
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Cycles
In the first set of experiments, we investigated several commercially available and thermostable DNA polymerases with respect to the effects of the modified 4'C-modified primer probes. These experiments were conducted in the sequence context of human acid ceramidase comprising the recently discovered transition mutation A 1 07G, 
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These results indicate the inability of this DNA polymerase to discriminate between the amplification of a canonical primertemplate complex and a primer-template complex that contains single mismatches, a fact in accordance with published reports .120-23] When the bulk at the 4'C position was increased and the T Me primer probe was employed, only a marginal shift of both curves was observed, a result indicating that the single nucleotide discrimination is still Iow. However, further increase of the bulk by using the 4'C-ethynylated TEy probe resulted in a significant shift of both curves. As depicted in Figure 1 , the difference between the threshold crossing points (LlC,) of both curves is about six cycles. This difference between Wild-type (matched) and mutant (mismatched) amplification by peR indicates that the 4'C-modified probe is able to increase the selectivity in comparison to the unmodified system. The L-.C, value between the matched and mismatched systems increased further when TVi or TE' were used in the prime r probes ( Figure 1 , Table 1 ). Increasing the bulk at the 4'C position further through use of TPe or pe resulted in the failure of amplification of the desired product. n.a. la )
[a] n.a. : no amplification after 40 cycles of PCR.
[b] n.i. : not investigated.
Next we investigated whether the observed effects are exclusively linked to Vent(exo -) DNA polymerase or whether other thermostable DNA polymerases exhibit similar features. Thus, Taq and Exo -Pfu DNA polymerases were studied in the same context by using the same thermocycling program and the buffer supplied by the respective manufacturers. In results consistent with the effects described above, Taq DNA polymerase was not capable of discriminating between the wild-type and mutant templates under standard conditions (that is, usage of supplied buffer) when the unmodified primer was employed . Interestingly, no amplification product was observed when Taq DNA polymerase was used with any of the modified primer probes depicted in Scheme 1. In contrast, Exo -Pfu DNA polymerase was capable of amplifying TMe primer probes and exhibited a L-.C, value of five cycles between the wild-type and mutant templates in favor of amplification of the canonical wildtype sequence. Under the same conditions Exo -Pfu DNA polymerase was incapable of distinguishing between unmodified-primer-template complexes in the matched and mismatched cases. Interestingly, PCR amplification failed when bulkier 4'C modifications were employed. All the investigated DNA polymerases failed to achieve any significant single nucleotide discrimination selectivity in allele-specific PCR when unmodified primer probes were employed. Although the ability to amplify 4'C-modified primer probes varied significantly among the enzymes tested, in cases where a DNA polymerase was competent to amplify 4'C-modified primer probes, amplification was accompanied by an increase in the discrimination of single nucleotide mismatches.
Based on the results described above Vent(exo -) DNA polymerase appeared to be the most promising for further investigations. Next, we investigated whether discrimination was dependent on the nature of the mismatch in the same sequence context. Thus, in separate experiments the nucleobase in the template strand was varied, and we investigated the amplification with TR primers (R = H or Vi) and templates with dC and T mutations, respectively. As shown in Figure 2 employment of the 4'C-vinylated TVi primer probe led in all cases to discri mination comparable to that observed above. Under identical conditions unmodified primer probes failed to induce significant discrimination in these cases. Cyd es -------- Subsequently we investigated whether the established system composed of Vent(exo -) DNA polymerase and the pi primer probe is capable of genotyping in the context of the sequence of human acid ceramidase and the mutation A107G (which leads to the Farber disease) by employing human genomic DNA. The human genomic DNA employed has a deoxyadenosine at the locus of interest. We employed pi and dC V i primer probes, respectively, and designed a reverse primer strand such that a 78-mer amplicon was obtained. As depicted in Figure 3 , a L-.C, value of seven cycles was obtained between the matched pi probe and the mismatched dC vi probe.
Thus, we could show for this example that t he set-up used enabled us to draw conclusions concerning the sequence of a single nucleotide within the entire human genome directly through PCR. It should be mentioned that the reaction buffer supplied by the manufacturer was used in all experiments and no attempts were made to optimize the reaction conditions. The same applies to the thermocycling program, which is known to have a impact on the outcome of a PCR.llDJ Exactly th& same program was applied in the experiments described above and those employing human genomic DNA. These results indicate that our system is robust enough to yield meaningful results.
Next, we investigated whether the ability of our system to discriminate significantly between single nucleotide differences could be applied to different sequence contexts. Thus, we investigated three additional recently discovered single nucleotide variations that are of considerable medicinal interest. The factor V Leiden G1691A mutation is believed to be responsible for a predisposit ion to thrombosis;137, 38J the BRAF somatic T1796A mutation is present in a high percentage of malignant melanomas and, with lower frequency, in a wide range of human cancers; [39] mutation G73SA in the human dihydropyrimidine dehydrogenase (DPyD) leads to reduced activity of this enzyme, and treatment with the anticancer drug S-fluorouracil (S-FU) results in fatal haematopoietic, neurological, and gastrointestinal toxicities since the mutated enzyme is inefficient in inactivating S_FU. [4.40] The primer strands for these experiments were designed by standard computational means to result in comparable melting temperatures for both the nucleotidevariation-determining probe and the reverse primer strand . [41] The results obtained are depicted in Table 3 . It is apparent that under identical PCR conditions to those applied before significantly increased single nucleotide PCR discrimination was still obtained through employment of 4'C-modified probes in comparison to that with the unmodified counterparts ( Table 2) . Interestingly, while the amplification of TEl primer probes failed in some of the investigated cases these probes gave superior results in the sequence context of DPyD. Nevertheless, the apparent degree of discrimination expressed in ~Ct values varied among the sequence contexts investigated, and there was room for further improvement along this line. 
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[a] n.a.: no amplification.
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In contrast to our approach, former reports indicate that single nucleotide discrimination might be detected through tedious buffer optimization for every sequence of interest. [20] These observations indicate that the ability of a DNA polymerase to differentiate faithfully between single nucleotide variations is strongly linked to buffer composition. In order to elucidate the response of our system to various buffer compositions we investigated the ability of Vent(exo -) DNA polymerase to differentiate between the A 1 07G mutation in the sequence context of human acid ceramidase (that is, the same sequences employed in the experiments depicted in Table 1 ) when the TVi primer probe was employed in several reaction buffers. The buffers were varied in such a way that a single component was altered with respect to the original buffer. The results obtained are depicted in Table 3 and indicate some crucial parameters. Potassium chloride, ammonium sulfate, and a pH value lower than 8.3 seem to have the most significant impact on single nucleotide discrimination. Nevertheless, over a wide range of buffer compositions the system comprising Vent(exo -) DNA polymerase and 4'C-modified rv i primer probe appears to be robust enough to detect single nucleotide variations reliably.
To obtain first in sights into the mechanisms that govern the observed effects we conducted thermal denaturating studies. [33, 42] It is well known that terminal mismatches in small DNA duplexes have negligible effects on the thermal duplex stability. [43] Nevertheless, so far it is not known if the same holds true for 4'C-modified residues. In order to elucidate whether 3'-terminal 4' C modifications in primer-template complexes trigger increased differences between stabilities of canonical over noncanonical duplexes, we performed thermal denaturing studies and measured the melting temperature (Tm) values of all mismatches opposite the respective TR primer probes. The results obtained are summarized in Table 4 and indicate no significant impact of 4'C-modified residues on the duplex melting behavior. Thus, the marked selectivity of single nucleotide discrimination promoted by Vent(exo -) DNA polymerase in the presence of 4'(-modified probes is unlikely to be derived from differential duplex stabilities of 4'(-modified versus unmodified duplexes.
Discussion
This study describes the effects of hydrophobic 4'( modifications in primer probes on single nucleotide discrimination by peR amplification. We found that, in contrast to the use of unmodified primer probes, employment of 4'(-modified primer probes enables differentiation between matched and mismatched complexes through different amplification behavior, as analyzed by real-time peR. Thus, the sequence at a single nucleotide position can be analyzed faithfully directly through peR in a process that supersedes further tedious analysis. The effects are dependent on the combination of DNA polymerase and primer probe 4'C-modification. Both pyrimidine derivatives (rv' and de V ,) presented herein are able to differentiate single nucleotide variations. Thus, it can be anticipated that all transitional SNPs, which are the most common type and represent two-thirds of the total in humans,!"J can potentially be analyzed by using the depicted set-up.
Our stud ies revealed considerable differences among the enzymes studied. While Vent(exo -) DNA polymerase tolerates relatively bulky 4'( modifications like a 4'(-vinyl group, the other enzymes are less tolera nt in this respect. While Exo-Pfu DNA polymerase was able to use the smallest 4'( modification (TMe) and promote significant single mismatch discriminative PCR, a further increase in bulk resulted in the loss of amplification ability. Taq DNA polymerase was unable to promote amplification even when TMe probes were employed. These results indicate differential constraints of the employed DNA polymerases imposed on the 3'-terminal nucleotide. While family B DNA polymerases appear to tolerate several 4'( modifications Taq DNA polymerase, which is a member of the DNA polymerase family A, is more reluctant in this respect. However, significant differences can also be observed between the family B DNA polymerase members Exo-Pfu and Vent(exo -). Interestingly, the observed effects for Vent(exo -) DNA polymerase correlate with the bulk of the modification. With increasing bulk of the 4'( modification increased single nucleotide discrimination by peR is observed (from TH over TMe and TEy to TV,). Further extension of bulk exceeds the limits imposed by the constraints of the DNA polymerase and results in the loss of any DNA amplification ability. These features might suggest that steric constraints contribute to the selectivity of the outcome of this process. [44J Nevertheless, additional functional and structural studies are needed to corroborate this assumption.
Further advancements along this line might be obtained through further variations of the nature and locus of the modification. Interestingly, it has been reported recently that primer probes bearing 3'-terminal 4'(-2'0-methylene modifications (so called locked nucleotides or LNAs) increase single nucleotide discrimination in similar vein.[4SJ The degree of differentiation is of the same order as seen with our system despite the fact that the composition ofthe modification and the employed DNA polymerase differ significantly. These results are the first indications that a variety of nucleotide modifications are suitable for the envisaged aim, and further studies along this line are called for.
In summary, we have shown that hydrophobic 4'( modifications introduced at the 3' end of primer termini are able to differentiate significantly between single nucleotide mismatches in real-time peR. The magnitudes of the effects vary with the employed 4'( modification and the sequence context studied . The described approach should be useful for the direct diagnosis of single nucleotide variations within genes, like single nucleotide polymorphisms or mutations, through peR without the need for further time-and cost-intensive post-peR analysis. In the future, we will investigate whether the depicted chemical approach to modulate DNA polymerase function can be further advanced through variations in the chemical modifications and the positions where the modifications are introduced.
Experimental Section
DNA primer probe synthesis: The syntheses of primer strands were carried out on a DNA synthesizer (Applied Biosytems, Model 392) on 0.2-flmol scale by using commercially available j3-2-cyanoethylphosphoamidites and either unmodified or solid supports bearing 5'0-dimethoxytrityl-protected 4'C-modified nucleoside residues. The syntheses of DNA strands bearing 4'C-modified nucleosides T Me , rv', TE" and dCV' have been described before. [29. 33J For the synthesis of DNA strands containing TEy, 1"e, and TBe, the nucleosides were synthesized following published procedures[33.46 J and subsequently 5'0-dimethoxytritylated.
General procedure for 5'O-dimethoxytritylation of 4'-modified thymidines : The nucleosides were coevaporated twice with pyridine and dissolved in pyridine (5 mLmmol-'), then 4,4'-dimethoxytrityl chloride (1.5 -2.0 equiv) and a catalytic amount of 4-dimethylaminopyridine were added at 20°C. When TLC analysis indicated complete consumption of the starting material (12 -20 h), the reaction was quenched by addition of excess methanol and stirring was continued for 30 min. The solvents were removed under reduced pressure and the remaining residue was subjected to column chromatography on silica gel (ethyl acetate/cyclohexane 2:1 -> 10:1 containing 1 % Et3N) to yield the products (62-96%) as colorless foams. For the synthesis of primer probes bearing TEy, TPe, and TB" at the 3' end, the 5'O-dimethoxytrityl ethers were coupled to a succinylated long-chain alkyl amine controlled pore glass (LCAA-CPG) support by applying standard procedures. 133 ] A standard method for f3-cyanoethylphosphoamidites was used, with the exception that the coupling time of the first three nucleotides was extended to 10 min when modified supports were employed. Yields for modified oligonucleotides are comparable to those obtained for unmodified oligonucleotides. After synthesis (trityl-off), the oligonucleotides were cleaved from the support by treatment with concentrated NH 4 0H at 55°C for 12 h. All primer DNA strands were subsequently purified by preparative electrophoresis on a 12% polyacrylamide gel containing 8 M urea. The integrity of all modified oligonucleotides was confirmed by MALDI-TOF MS. The unmodified DNA reverse primers were purchased from MWG, Germany, and PAGE purified as described above. For sequences, see below. Oligonucleotides FarX and LeiX were synthesized and purified by IBA, Giittingen, Germany. BrafX und DPyDX were obtained through PCR amplification ofthe respective fragments from human genomic DNA (Roche).
DNA thermal denaturation studies : Melting curves were recorded on a Lambda 2 spectrometer (Perkin -Elmer) equipped with a PTP-6 temperature control device. Data were obtained from three individual cooling/heating cycles. Melting temperatures (Tm values in C C) were obtained from the maximum of the first derivative of the melting curve (absorbance at 260 nm (A 260 ) versus temperature). Measurements were conducted in the Vent(exo -) DNA polymerase buffer (10 mM KCI, 10 mM (NH. )SO., 20 mM Tris-HCI (pH 8.8), 2 mM MgSO.; see above) and contained 900 nM duplex DNA. The mixtures were heated to 95°C for 5 min and slowly cooled to room temperature prior to the melting curve mea surements. A measurement of the buffer was conducted separately and subtracted from the spectra resulting from the sample. 33-mer templates : 5'-d(AAA
